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Abstrat
We show that the Dual String Model with fusion leads, in heavy ion ollisions,
to strit saturation of the partile (pseudo-)rapidity density, normalised to the
number of partiipant nuleons, as that number inreases. Asymptotially, as√
s → ∞, with the number of partiipants xed, this density approahes the
nuleon-nuleon density.
A omparison with reent WA98 data is presented.
1
1 Introdution
Reently, experimental [1, 2, 3℄ and theoretial [4, 5℄ papers have addressed the question
of the dependene of measurable quantities (harged partile density, transverse energy,
J/ψ prodution rate) on the number N
part
of partiipant nuleons in high energy heavy
ion ollisions. That information, as stressed in [4℄, as well as in [5℄, is extremely important
as it allows for a better understanding of the initial onditions in the evolution of newly
reated dense matter and provides the information for disriminating among dierent
models.
In the analysis of the data of [1℄ made in [4℄ it was emphasised the role of the de-
pendene of the partile rapidity density, dN/dy, normalised to the number of pairs of
partiipants, and two models were onsidered.
The HIJING Monte Carlo model [6℄ ontains soft and semi-hard interations in an
unitarised form, the pT threshold for jet prodution, p0, being independent of energy and
atomi mass number A. As in the model there is a growing number of hard ollisions,
growing faster than N
part
, the quantity
Φ(N
part
, y,
√
s) ≡ 1
1
2
N
part
dN
dy
(1)
is an inreasing funtion of N
part
, or
∂Φ
∂N
part
> 0. (2)
The EKRT model [7℄, on the other hand, relates the hard physis threshold ps to a
saturation riterion [8℄: the number of partons multiplied by their eetive area (≈ 1/p2T )
must be less than the transverse area of interation. The saturation transverse momentum
ps, in ontrast to the parameter p0 of the previous model, is a growing funtion of
√
s and
A. The assumption that physis is ontrolled by pT = ps leads to the result that Φ is a
dereasing funtion of N
part
,
∂Φ
∂N
part
< 0. (3)
In Fig. 1, taken from [4℄, we show the preditions for the two models, histogram for
HIJING and dot-dashed line for EKRT.
The Dual String Model (DSM) with string fusion was developed in [5℄. Conerning
this model two remarks an be made:
(i) There exist two omponents, a valene-valene omponent, proportional to N
part
,
and a sea-sea (inluding gluons) omponent whih grows faster than N
part
and orresponds
to multiple sattering. We have a struture somewhat similar to the HIJING model.
Without fusion DSM gives an inrease of Φ as, roughly, N
1/3
part
.
(ii) With fusion, DSM leads to saturation of Φ as N
part
inreases, not very dierent
from what is obtained in the EKRT model (see, in partiular, [9℄).
In onlusion, in DSM with fusion,
∂Φ
∂N
part
> 0, (4)
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Figure 1: Central harged partile rapidity density per partiipating pair as a funtion of the number of
partiipants. Results of HIJING (histograms), EKRT preditions (dot-dashed lines) and DSM preditions
(solid lines) for entral Au+Au ollisions at
√
s = 56, 130, 200 AGeV. Also shown are results from pp and
pp¯ ollisions and PHOBOS data (Everything in the gure exept the DSM urves is taken from [4℄.)
as in HIJING, and, as N
part
beomes larger and larger,
∂Φ
∂N
part
−−−−−→
N
part
→∞
0, (5)
The N
part
dependene of Φ in DSM with fusion is also shown in Fig. 1 (solid lines).
The parameters used are preisely those used in [5℄ to desribe NA49 and PHOBOS data
[1℄.
2 DSM and partile densities
DSM is essentially the Dual Parton Model [10℄ with the inlusion of strings [11℄. The
strings may interat by fusing [12℄ in the transverse plane of interation and eventually
one may reah a situation of perolation with the formation of extended regions of olour
freedom, with the features of the expeted Quark-Gluon Plasma.
In the Dual Parton Model hadrons are onsidered as made up of onstituents quarks
(valene and sea quarks) and gluons. Two basi diagrams ontribute to partile prodution
(see [5℄). The valene-valene diagram orresponds to single inelasti sattering and the
wounded nuleon model [13℄. The sea-sea diagram (inluding gluons) orresponds to
3
the additional inelasti multiple sattering ontributions. These ontributions may be
internal, parton multiple sattering within the original valene-valene ontribution, or
external, involving other nuleons.
If h is the height of the valene-valene plateau, αh the height of the sea-sea plateau,
2k the average number of strings produed in a nuleon-nuleon ollision we an write
[5, 14℄ for the (pseudo-)rapidity partile density
dN
dy
∣∣∣∣
NANA
= NA [2 + (2k − 1)α]h+ (νNA −NA)2kαh, (6)
where NA is the number of pairs of partiipant nuleons
NA =
1
2
N
part
, (7)
and ν
NA
is the average number of nuleon-nuleon ollisions. From elementary multiple
sattering arguments [14℄ we have
ν
NA
= N
4/3
A (8)
One should notie that the number of nuleon-nuleon ollisions is NA+(νNA −NA) =
ν
NA
and the number of strings is NA [2 + 2(k − 1)] + (νNA −NA)2k = 2kνNA .
For NA = 1, nuleon-nuleon ollision, Eq. (6) gives
dN
dy
∣∣∣∣
pp
= [2 + 2(k − 1)α]h. (9)
Assuming that h and α are energy independent (onstant plateaus) the energy depen-
dene of dN/dy|pp xes the energy dependene of k.
From Eq.s (1), (6), (7), (8) and (9) we an write
Φ(NA,
√
s, y) = φ(
√
s, y) + (N
1/3
A − 1)2kαh (10)
with
φ(
√
s, y) ≡ dN
dy
∣∣∣∣
pp
. (11)
The number of strings oming from nuleon multiple sattering the seond term in
Eq. (6)is NA(N
1/3
A − 1)2k and they oupy the transverse interation area SNA , whih,
for entral ollisions, is approximately given by
S
NA
≃ pi
(
1.14N
1/3
A
)2
, (12)
suh that the dimensionless transverse density parameter η is
η =
( rs
1.14
)2
2kN
1/3
A (N
1/3
A − 1), (13)
where rs ≃ 0.2 fm is the string transverse setion radius. Note that η inreases with NA
and
√
s.
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When fusion ours, i.e., when strings luster in the transverse plane, Eq. (10) beomes
[5℄
Φ(NA,
√
s, y) = φ(
√
s, y) + F (η)(N
1/3
A − 1)2kαh, (14)
where F (η) is the partile prodution redution fator [15℄,
F (η) ≃
√
1− e−η
η
. (15)
We shall next disuss the NA,
√
s and y dependene of Φ, Eq. (14).
For the NA dependene we have
∂Φ
∂N
1/3
A
= 2kαh
∂
∂N
1/3
A
[
F (η)(N
1/3
A − 1)
]
, (16)
and, making use of the denition of η, Eq. (13),
∂Φ
∂N
1/3
A
=
1.14
rs
√
2kαh
∂
∂N
1/3
A
[
(1− e−η)N
1/3
A − 1
N
1/3
A
]1/2
, (17)
As both (1− e−η) and (N1/3A −1)/N1/3A are inreasing funtions of NA, beoming onstant
as NA →∞,
∂Φ
∂NA
> 0 with
∂Φ
∂NA
→ 0 as NA →∞. (18)
These are the results announed in the Introdution, Eq.s (4) and (5).
The DSM with fusion thus predits saturation of the partile rapidity densities per
partiipant pair of nuleons, Φ, as NA inreases.
In Fig 2 we ompare our model Eq. (14) with the very reent results [2℄ of WA98
Collaboration on entral Pb+Pb ollisions at the CERN SPS. For large values of N
part
the saturation is very learly seen, Fig. 2a, while for small values of N
part
the rise of
partile density with N
part
, Fig. 2b, is well desribed. The values used for the parameters
were h = 0.77 and α = 0.11, and for the pp density we used the same value as WA98,
from [16℄. Note that the parameters here have slightly dierent values in omparison to
the ones used in [5℄. This is not surprising as the WA98 data are not ompatible with
NA49 data as given by PHOBOS [1℄.
Conerning the energy dependene of Eq. (14), if the energy is high enough
φ(
√
s, y) ≡ dN
dy
∣∣∣∣
pp
∼ 2kαh, (19)
and
Φ(NA,
√
s, y)/φ(
√
s, y) = 1 + F (η)(N
1/3
A − 1). (20)
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Figure 2: (a) Charged partile density per partiipant nuleon versus the number of partiipants; (b)
absolute harged partile density versus the number of partiipants. The data from WA98 [2℄ refer to
158A GeV Pb+Pb ollisions (lled irles), the open irle refers to pp ollisions [16℄; the solid line results
from Eq. (14).
As F (η) goes to zero as
√
s inreases we obtain the predition that asymptotially the
partile density per partiipant, for a xed number of partiipants, approahes the nuleon-
nuleon density and this approah is ontrolled by the funtion F (η), Eq. (15). This means
that asymptotially heavy ion ollisions, with respet to partile densities, beome similar
to nuleon-nuleon ollisions. This is a onsequene of the inreasing role played by string
fusion.
In Fig. 3 we present our predition for the dependene of the ratio (20) on the energy
for xed values of N
part
.
Regarding the (pseudo-)rapidity dependene of Φ, Eq. (14), even without a more
spei model, we an say that the valene-valene ontribution dominates the large
entre-of-mass |y| region, as most of rapidity is taken by the valene diquarks. In the
fragmentation region we expet the partile density per partiipant nuleon to be equal to
the nuleon-nuleon density,
Φ(NA,
√
s, y
fragm
) ≃ φ(√s, y
fragm
). (21)
The sea-sea ontributions are naturally shorter and more entral in rapidity.
3 Conlusions
The DSM is a model with two omponents, the valene-valene omponent and the sea-
sea omponent, the sea-sea omponent inreasing its importane with energy and number
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Figure 3: Ratio of the partile rapidity density per partiipating pair to the pp partile density, Eq. (20),
as funtion of .m. energy for xed values of the number of partiipants, N
part
.
of partiipants. This is somewhat similar to the HIJING Monte Carlo model, with soft
and hard omponents.
On the other hand, with fusion the DSM behaves, for large NA, similarly to the EKRT
model, but with strit saturation of the partile density per partiipant nuleon. However,
in the original EKRT model the saturation riterion in the transverse plane is stronger
than in ase of fusion of strings. Here, saturation in the interation area is asymptoti
(when η → ∞) while in the EKRT model it ours, using the string language, when
η ≡ (pir2s)/(pi1.142N2/3A )(2kNA(N1/3A − 1)) = 1. This auses the derease of Φ with NA in
the EKRT original model.
Probably dierent explanations, suh as the ones based on string fusion, parton satu-
ration, parton shadowing, are in some sense dual and refer to the same underlying physis
[14℄. What is beoming lear is that saturation of partile density puts strong onstraints
in models, and limits the rise of the (pseudo-)rapidity plateau at RHIC and LHC.
Aknowledgements
R.U. gratefully aknowledges the nanial support of the Fundação Ciênia e Tenologia
via the Sub-Programa Ciênia e Tenologia do 2o Quadro Comunitário de Apoio.
Referenes
1. B.B. Bak et al., PHOBOS Collaboration, preprint hep-ex/0007036, PHOBOS/RHIC.
2. M.M. Aggarwal et al., WA98 Collaboration, preprint nul-ex/0008004,
(WA98/CERN).
7
3. C. Lourenço, talk given at the Heavy Ion Day meeting in Lisbon, Portugal, April
2000.
4. X.-N. Wang and M. Gyulassy, preprint nul-th/0008014.
5. J. Dias de Deus and R. Ugoioni, preprint FISIST/11-2000/CENTRA (hep-
ph/0008086), (I.S.T.), to appear in Phys. Lett. B.
6. X.-N. Wang and M. Gyulassy, Phys. Rev. D 44, 3501 (1991); X.-N. Wang and M.
Gyulassy, Comput. Phys. Commun. 83, 307 (1994).
7. K.J. Eskola, K. Kajantie, P.V. Ruuskanen and K. Tuominen, Nul. Phys. B 570, 379
(2000).
8. L.V. Gribov, E.M. Levin and M.G. Ryskin, Physis Reports 100, 1 (1983); A.H.
Mueller and J. Qiu, Nul. Phys. B 268, 427 (1986).
9. K.J. Eskola, K. Kajantie and K. Tuominen, preprint JYFL-3700 and HIP-2000-45/TH
(hep-ph/0009246), Univ. of Jyväskylä and Univ. of Helsinki.
10. A. Capella, U.P. Sukhatme, C.I. Tan and J. Trân Thanh Vân, Physis Reports 236,
225 (1994).
11. N.S. Amelin, M.A. Braun and C. Pajares, Phys. Lett. B 306, 312 (1993); N.S. Amelin,
M.A. Braun and C. Pajares, Z. Phys. C 63, 507 (1994).
12. N. Armesto, M.A. Braun, E.G. Ferreiro and C. Pajares, Phys. Rev. Lett. 77, 3736
(1996); M. Nardi and H. Satz, Phys. Lett. B 442, 14 (1998); J. Dias de Deus, R.
Ugoioni and A. Rodrigues, Eur. Phys. J. C 16, 537 (2000).
13. A. Biaªas, B. Bleszy«ski and W. Czy», Nul. Phys. B 111, 461 (1976).
14. N. Armesto and C. Pajares, Int. J. Mod. Phys. A 15, 2019 (2000).
15. M.A. Braun and C. Pajares, Eur. Phys. J. C 16, 349 (2000).
16. C. De Marzo et al., Phys. Rev. D 26, 1019 (1982).
8
